Abstract-Muscle sounds were recorded from the medial biceps of 37 subjects as they pressed against a stationary object. The recordings were analyzed with a digital computer for frequency content. 20 subjects had some form of neuromuscular disorder, while 17 had no known muscle impairment.
INTRODUCTION
IT is not generally known that muscle contractions prolduce an audible sound. Not much research has been performed on this phenomenon even though the first published reference to muscle sounds can be found over 300 years ago [1] . At that time, Grimaldi attributed the sounds to the motion of animal spirits.
The next mention of muscle sounds occurred two centuries later, when Wollaston described two methods he used to estimate the frequency of the sound [2] . The first method he used to obtain muscle sounds was to place his thumb in his ear and clench his fist. He compared this sound to the noise produced by rubbing a stick over a notched board. By knowing the notch spacing and approximating the rate of rubbing, he could estimate the frequency. He also compared the muscle sounds to the distant rumbling of a horse drawn carriage over the regularly spaced bricks of London's streets. Again, by estimating the carriage speed, he was able to approximate the frequency. From both methods, he estimated the frequency of the sound to be between 20 and 30 Hz.
Still using crude comparison methods, Herroun and Yeo compared the sounds from voluntary muscle contractions with those produced by electrical stimulation [3] . Their results were similar to Wollaston's. Moreover, they found no difference between the sounds produced by the two methods of contraction. In their paper, they supported the idea that the first heart sound is actually produced by the ventricular muscles as they contract. Recently, Oster and Jaffe used an electronic stethoscope and autocorrelator on skeletal muscles of athletes with various loads, and found the major frequency to be 25 + 2.5 Hz [4]. They also found no difference between the sounds produced by natural contraction and stimulation. Their study also included tests to show that the muscle sounds were not produced by microphone movement, blood flow, or temperature effects. In another paper, Oster hypothesizes on the origin of these sounds and proposes that they are responsible for such things as shark attacks and heart sounds [5] .
Other studies have indicated that the sound produced by muscles is actually a high frequency train of clicks, each lasting 5-15 ms. Gordon and Hobourn used a piezoelectric transducer placed on the muscle of the eyelid (m. orbicularis oculi) to detect individual muscle fiber contractions [6] . It is probably these individual motor unit contractions that produce clicks since other skeletal muscles produced a complex rumbling sound. Using a broadband piezoelectric transducer on frog sartorius muscles in vitro, Brozovich and Pollack detected discrete sound bursts of 400 /is duration [7] . They suggest that muscular contraction and shortening occur in discrete steps.
With recent advances in instrumentation and computers, more information is being obtained about muscle sounds. With some instruments such as the carotid phonoangiograph which uses a microphone to listen to and evaluate the blood flow to the brain, muscle sounds produced in the neck have been a source of interference [8] .
The purpose of this study was to utilize a computer and digital signal processing to examine the sounds produced by muscular contraction and compare signals from healthy muscles to those from individuals with neuromuscular disorders. Our major objective was to gain a better understanding of the sounds produced. It is hoped that the results will lead to a useful noninvasive procedure for evaluation of neuromuscular disorders.
MATERIALS AND METHODS
A carotid phonoangiography microphone, Wollensak' Hz for 2.5 s. A fast Fourier transform was performed on the sampled data and a graph of the power spectrum was obtained. Fig. 1 shows the data acquisition and analysis system. With the approval of the Human Subjects Committee, data were collected from 37 subjects (age 22-86 years): 20 volunteers from the Mucio F. Delgado Clinic for Neuromuscular -Disorders at the Arizona Health Sciences Center and 17 normals with no known neuromuscular disease. Ten of the 20 volunteer subjects displayed some form of muscular dystrophy of muscular origin (limb-girdle, myotonic, or facioscapulohumeral) while the remaining ten were diagnosed as neuromuscular disorders of neurologic origins. Table I shows the complete distribution of subjects.
Muscle sounds were recorded from the medial bicep with the coupling bell held firmly against the muscle. All subjects were seated with their forearm horizontal. Subjects were told that a microphone would be held against their arm and were asked to lift against a stationary object with as much force as they could develop. Data were recorded from the beginning of the first muscle contraction and continued for approximately 20-30 s. No feedback or verbal encouragement was given to the subjects.
SYSTEM VERIFICATION
The data collection and analysis system were evaluated to determine the effects of recording and playback on identification of frequency components, the system response to white and pink noise, sensitivity to signals in noise, and repeatability of frequency components in patient data.
Threc sine wave frequencies from a signal generator (approximately 10, 30, and 90 Hz) were used to test the recording and signal analysis system. The outputs from three signal generators were combined and fed directly into the A/D converter and also recorded for later analysis. Six tests were conducted (three direct, three from tape). The computer reported the same three peaks for each of the tests (10.2, 28.9, and 90.4 Hz) indicating no frequency shift from the recording and playback.
To test the system's response to noise, a white noise generating chip (MM 5837)3 and a pink noise circuit [9] were used. The noise signal was fed directly into the A/D converter. The power spectra obtained from white and pink noise are shown in Fig. 2 . The response for white noise should be flat, indicating equal power over the bandwidth. Pink noise should exhibit a decrease in power as the frequency increases. Our response shows an oscillation in their peaks which is the result of two deficiencies in the FFT: leakage and the "picket fence effect" [10] . Leakage occurs because of a finite sampling period and causes the main lobe to widen, and gives rise to an infinite number of sidelobes. The "picket fence effect" can be understood by considering the FFT to be a series of overlapping bandpass filters. Some frequency components fall between the center frequencies and therefore will have a decreased amplitude.
To test the system's sensitivity to signals in -noise, we analyzed a combined 25 Hz sine wave signal (0.4-2 V pp) with white noise (4 V p-p). Fig. 3 Frequency (Hz) Fig. 3 . Power spectra from a combined 25 Hz sine wave and white noise.
The top response is for a 1:10 signal-to-noise ratio and the bottom response for a 1 :4 ratio. peaks less than 50 percent of the 25 Hz peak and a ratio of 1: 4 yielded no noise peaks greater than 5 percent of the signal.
System repeatability was verified by analyzing the taped data several times over a three month period producing results identical to the original test. Patient repeatability was tested by performing eight tests on one individual chosen at random, over a three month period on five different days. The average peak frequency was 13.7 Hz with a standard deviation of 1.1 Hz. study different forces were exerted depending on the subject, and information regarding the amplitude of the data was not processed. In general, subjects with neuromuscular disorders produced signal amplitudes one-half to one-fifth that of normals. An example of muscle sounds and corresponding power spectra is shown in Figs. 4 and 5. Fig. 5 is typical in that none of the power spectra contained significant frequencies above 100 Hz. However, power spectrum amplitudes are scaled to the highest peak indicating all amplitudes are relative. Since other studies examined frequencies only below 100 Hz, we performed additional tests to confirm the hypothesis that all predominant frequencies lie below 100 Hz. Eight subjects' data were reanalyzed after filtering through two aFriedreich's ataxia, polymyositis, myasthenia gravis, Parkinson, and motorneuron disease.
DATA ANALYSIS AND RESULTS

Earlier
bMyotonic, limb-girdle, and facioscapulohumeral lower and upper frequency cutoffs set at 100 and 1000 Hz. In order to examine the characteristics of the noise above 150 Hz in the power spectra output, frequencies below 150 Hz were set to zero and the remaining spectrum was scaled as before. Fig. 6 shows a typical response. Spectra obtained in this method have the same characteristics as "pink noise" (Fig. 2) , that is, decreasing power with increasing frequency. Since less than 3 s of data are necessary for analysis, two separate sections of the signal were analyzed for each subject, one near the beginning of the contraction and one near the end. The maximum amplitude frequencies from the two sections were averaged to produce a single data point. Differences in maximum frequency values within patient samples were analyzed and had a mean and standard deviation of 2.8 + 2.9 Hz which was judged insignificant. Table II shows the statistical values for maximum amplitude frequencies for various subject groups. Comparison of means tests were performed using the "student's t distribution." Prior to each comparison, an "F-test" was performed and corrections to the degrees of freedom were made when necessary. This is accomplished by comparing the ratio of the sample vanrances to a value found in the "F tables" for a certain degree of certainty. Exceeding the table's value requires a correction to the degrees A significant difference was observed between the normal and all patients groups (p < 0.05). When age was considered, a significant difference was observed between normals < 60 and Muscular Dystrophy (MD) < 60 (p < 0.05), and between normals < 60 and all patients < 60 (p < .01).
of freedom in the "student's t distribution." Results of the comparisons are in Table III . Since aging has a direct effect on muscle mass, innervation, contractile strength, and other factors [11] - [13] , comparisons were also conducted eliminating subjects over 60.
No difference was found between males and females or normal subjects over and under 60 years old. Among patients, no difference was found between groups. However, comparing all normals and all patients, a significant difference was found (p < 0.05). Furthermore, when subjects over 60 were eliminated from both groups, the difference became even more significant (p < 0.01).
DIsCUSSION
It is generally accepted that muscles produce some type of sound. Studies which examined single motor units reported hearing clicks with durations from 5-15 ms for intact human muscles [6] [15] , [16] . Also, the cycling of cross bridges occurs at approximately 20 Hz [17] - [19] . Both of these phenomena could contribute to production of sounds. There are probably multiple reasons for muscle sounds. Our study shows that there is a significant difference between sounds produced by healthy muscles and those with neuromuscular disorders. Rietz and Stiles compared normal human limbs to a second-order underdamped system [20] . It is quite possible that the driving frequency is different for certain disease conditions and could account for differences in the frequency of muscle sounds between normal subjects and those with neuromuscular disorders.
Frequencies obtained in our study are close to the phys-970 iological tremor frequency. Although two patients had visible pathological tremor, this is not what we refer to as physiological tremor. Almost all our power spectra contained a significant peak in the 5-12 Hz range. It is accepted that physiological tremor in the range of 5-15 Hz occurs in all muscles [21] - [23] and peaks between 8 and 10 Hz for weak contractions. As contraction force increases, the peak shifts upward in frequency [21] . Lip In their investigation, subjects iifted known weights. Subjects in our study were asked to push against a stationary object with as great a force as they felt they could produce.
The findings reported in our study do not indicate a statistically significant difference for normals above and below 60 years old. However, the sample size was small and as can be seen from the data, results are very close to being significant. Also our study contained older but physically active individuals. The effects of aging are similar to, but not as rapid as, the effects of neuromuscular disease and further studies on age may be enlightening.
